ABSTRACT
INTRODUCTION
It is common-practice to empirically validate gravimetric geoid models on land through comparisons with GPS-levelling data. Of course, this is inevitably subject to errors in the GPS and spirit levelled heights, but these are currently the only data with which to verify geoid models on land. Moreover, if the geoid models are to be subsequently used to transform GPS heights to the local vertical datum, then such an approach offers the most useful information to this majority of users. However, as geoid modelling and GPS positioning techniques continue to improve, deficiencies in local vertical datums are now becoming apparent [3] .
This short note describes a comparison between the AUSGeoid98 regional gravimetric geoid model of Australia [6] and a set of 48 GPS minus Australian Height Datum (AHD [13]) 'geoid-type' heights in the southwest seismic zone (SWSZ [2]) of Western Australia. The main finding of interest here is a very clear north-south trend between AUSGeoid98 and the AHD, which is permitted because of the quality of the GPS data used. However, it remains difficult to discriminate this trend between AUSGeoid98 and the AHD.
Earlier comparisons between AUSGeoid98 and the AHD over the whole of Australia [5] indicated a general north-south trend of ~0.26 mm/km (i.e., ppm). However, this relied upon a nationwide GPS-levelling dataset that is now of questionable veracity [11] . For the present study, the internally estimated precision of the GPS-derived heights is <±9 mm, which allows for a more reliable identification of the north-south trend between AUSGeoid98 and the AHD, and thus corroborates the earlier studies.
DATA

AUSGeoid98
[6] uses data from EGM96 [12], Australian land and ship-track gravity observations, a 27" regional digital elevation model, and satellite-altimeter-derived gravity anomalies in marine regions. The ship-track and altimeter gravity data were merged using least squares collocation. The residual (to EGM96) geoid heights were computed using a deterministically modified Stokes kernel in an adapted remove-compute-restore scheme. Topographical correction, downward continuation and indirect effect terms were computed approximately under the 'Moritzian' scheme, acknowledging that more sophisticated algorithms are now available.
The GPS data used in the present study were collected during May 2002 as part of a campaign to determine epoch-one coordinates for geodetic estimation of any surface deformation associated with the SWSZ belt of intra-plate [17] earthquake activity [8] . This collaborative venture involved funding and scientists from Geoscience Australia, the Western Australian Department of Land Administration (DOLA), the New Zealand Institute of Geological and Nuclear Sciences Ltd, Curtin University of Technology, and the University of Western Australia. While these GPS data were collected for geodynamic studies, they also offer a useful dataset for gravimetric geoid validation, assuming of course that the vertical geodynamic motion is small [18] .
DOLA installed 48 new monuments comprising 5/8" Whitworth threads on levelled base-plates set in firm bedrock using epoxy resin and concrete. Approximately 15 of these sites were occupied simultaneously with (Trimble, Ashtech and Leica) dualfrequency GPS instruments for at least five days, coupled with a 'backbone' of five receivers tracking GPS data for the entire campaign. These data were multi-baseline processed using Bernese v. 4 The internally estimated precisions of the resulting ITRF2000 coordinates are shown in Figure 1 and summarised in Table 1 (stations SZ11 and SZ47 were not installed). Note the low precisions for stations SZ23 and SZ36 [the x axis in Figure 1 appears to be mis-registered because SZ11 is absent]. These two stations were coordinated using Leica CRS1000 instruments from the Australian GPS consortium [7] , which caused several serious problems during the campaign due to incorrect data recording during periods of low battery power. Therefore, an auxiliary aim of this study will be to determine whether, as a corollary, AHD and AUSGeoid98 can provide a validation of the GPS vertical position solutions; cf. Previous GPS-levelling validations of AUSGeoid98 [5, 6] used ~1,000 nationwide GPS-derived ellipsoidal heights that are now of questionable veracity [11] . Specifically, they have been compiled over a number of years during which GPS data collection and processing algorithms have matured considerably. Indeed, some earlier GPS surveys may have been tied to 'ellipsoidal heights' derived from spirit-levelled benchmarks plus earlier geoid models (i.e., h =H + N, where h is the ellipsoidal height, H is the spirit-levelled height with respect to the AHD, and N is the geoid height), though this assertion cannot be verified as yet. If true, however, this is most unsatisfactory because subsequent attempts at geoid validation would only compare the new geoid model with an older one, thus not giving any validation.
DOLA geodetic surveyors sprit-levelled the 48 SWSZ stations with respect to the AHD according to the Australian class C standard, which allows for a misclose of 12 mm per square-root-km [10]. The distance traversed from existing AHD benchmarks to the new SWSZ monuments ranged from a few tens of metres to ~13 km. The spirit levelling was conducted soon after the GPS campaign, so it is reasonably safe to assume that no vertical ground deformation (albeit small anyway [18] ) has occurred between the GPS and spirit-levelling observations. The AHD is widely acknowledged to contain distortions of ~1.5m [3, 12] , with a dominant north-south trend, which is attributed to the effects of sea surface topography on the 30 tide gauges fixed to mean sea level in the 1971 adjustment; e.g., [4] . Therefore, the major error in the levelled heights probably stems from the definition of the AHD and subsequent spirit levelling data. The difficulty of estimating errors from allowable miscloses is well known, so a "hand-waving argument" (i.e., without scientific or numerical rigour) is used to estimate the AHD height errors as ~20 mm over the SWSZ, excluding the systematic errors in the AHD.
METHODS, RESULTS AND DISCUSSION
Gravimetric geoid heights were computed at the ITRF2000 coordinates of the 48 stations (Appendix A) using on-line facilities that interpolate from precomputed geoid grids. AUSGeoid98 was bi-cubically interpolated via http://www.auslig.gov.au/geodesy/aus geoid/nvalcomp.htm. EGM96 was spline interpolated from http://164.214.2.59/GandG/ egm96/intpt.htm. These geoid heights were then subtracted from the GPS-levellingderived 'geoid-type' heights, and summarised in Table 2 The larger mean value of the differences between the GPS-levelling and EGM96 geoid heights in Table 2 is due to the different zero-degree geoid terms. The zero-degree term in EGM96 is computed from the difference in mass and potential between it and the WGS84 normal ellipsoid, and its value has been determined as -53 cm [12] . The zerodegree term in AUSGeoid98 was computed from the mean difference from a nation-wide set of GPS-levelling data, and its value has been determined as -94 cm [6] . As such, the standard deviation (and trends, described later) should be interpreted as the more reliable statistics.
From Table 2 , there is no evidence that the two 'outliers' (i.e., in terms of the larger internal error estimates; Figure 1 ) in the processed GPS data significantly degrade the comparisons. Therefore, it can be assumed that the GPS data processing has probably fixed the correct ambiguities for these stations, though the noise at each is higher. Accordingly, it could be argued that the use of GPS and levelling data provides a useful external check on GPS height solutions; cf. [14] . Figures 2, 3 and 4 show the (GPS-AHD minus AUSGeoid98) differences plotted as functions of ITRF2000 latitude, ITRF2000 longitude and AHD height, respectively. Figures 5, 6 and 7 show the same for EGM96. There is a clear (R 2 = 0.82; i.e., goodness of fit) north-south trend of ~0.81 mm/km (ppm) between the AHD and AUSGeoid98 (Figure 2 ), whereas there is no appreciable east-west trend (Figure 3 ) or elevationdependent trend (Figure 4) . The trends for EGM96 are far less clear ( Figures 5, 6 and 7) , simply because of the poorer overall agreement with the GPS levelling data (Table 1) , but the north-south trend of ~0.95 mm/km for EGM96 is the 'better' defined (R 2 = 0.23). The small elevation-dependent trend in Figures 4 and 7 is due to the AHD heights increasing southwards in the study area. Table 1 show that AUSGeoid98 improves upon EGM96 (as is to be expected because of the inclusion of additional data to reduce the omission error) by reducing the standard deviation and the magnitude of the trends. However, the addition of regional gravity data cannot completely correct long-wavelength errors (the commission error) in the global geopotential model [16] . As such, the remaining ~0.81 mm/km north-south trend may be due to propagation of a long-wavelength error in EGM96 into AUSGeoid98.
This clear north-south trend concurs with previous studies by this author [4, 5, 6 ], but is more conclusive because of the good quality GPS data used in this study. Importantly, this only shows that the differences (assumed to be errors) are in one or all of the AHD, AUSGeoid98 and EGM96. However, these cannot be separated because of the correlations, lack of redundancy and likely errors in the AHD, AUSGeoid98 and EGM96. For instance, a ~0.81-0.95 mm/km tilt in one or all of the AHD, AUSGeoid98 and EGM96 is entirely plausible. Figure 8 shows contours of the differences between the AHD and AUSGeoid98, computed using a tensioned spline interpolation [15] . The north-south trend, which is clear in Figure 2 , is not so clear in Figure 8 , thus showing the usefulness of a simple linear regression. Thus far, the systematic errors in the AHD have been omitted from the analysis and discussion. As stated, the ~1.5m distortions in the AHD are dominated by a northsouth trend, which is attributed to unmodelled sea surface topography (SST) effects on the tide gauges fixed in the realisation of the AHD. [4] shows that published SST models indicate a dominance in the north-south direction. Therefore, it is reasonable to expect that this will introduce a north-south distortion in the AHD.
In order to substantiate this, contours of the differences between the free-and fixed-network adjustments of the AHD ( [13] , Annex D) were 'consulted', and were used to estimate a north-south tilt of ~0.55 mm/km in the AHD across the SWSZ. Removing this estimate from the trend computed from Figure 2 indicates a north-south tilt of ~0.26 mm/km in AUSGeoid98, and a tilt of ~0.40 mm/km in EGM96. However, the many conditions outlined earlier, notably the inseparability problem, mean that these values must be treated with great caution.
Finally, the ~0.81 mm/km north-south trend between the AHD and AUSGeoid98 (Figure 2 ) was removed from the differences, and the descriptive statistics recomputed. Table 2 shows that the use of GPS in conjunction with the north-south tilted AUSGeoid98 model will yield AHD heights to a precision of ~5 cm in the SWSZ. This value is commensurate with results in many other parts of the world.
Maximum Minimum Mean STD GPS-AHD minus tilted AUSGeoid98 117 -127 0 ±55 Table 2 . Descriptive statistical summary (in mm) of the differences between the 48 SWSZ GPS-AHD heights and the tilted AUSGeoid98
SUMMARY AND CONCLUSIONS
This short note has presented a simple validation of the AUSGeoid98 regional gravimetric geoid model of Australia using a high-quality GPS dataset across part of southwestern Western Australia. It confirms earlier indications that there is a clear north-south trend between the AHD and AUSGeoid98, but the source of this trend cannot yet be reliably separated. Simple inspection of the free-versus fixed-network adjustments of the AHD in the study area suggests that fixing local tide gauges to mean sea level can account for approximately one-third of the observed trend. Before the trend was removed, the standard deviation of agreement was ~13 cm, which reduced to ~5 cm after trend removal. These values are more optimistic than previous studies (e.g., ~36 cm; [6]), which are attributed, in part, to the use of significantly improved GPS data for this study. 
